“Calhoun 


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1991-09 


The effects of shipboard steering machinery 
dynamics on rudder roll stabilization systems. 


Wendel, Michael W. 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/27019 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


' (8 D U DLEY research materials and institutional publications created by the NPS community. 
: Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 
ath 
KNOX appointed — and published — scholarly author. 


i LIBRARY Dudley Knox Library / Naval Postgraduate School 


411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 








http://www.nps.edu/library 























_— ’ . ' 7, = 7 i 7 F FF a rt. ' 77 a =» 
. vos 4 “es _ . > os 
y . ; oS ri \ ’ ! = Fy ‘i t y , ‘ 4 
iy ~ hye i cane ‘ (tee eh A 
, wen? t i Ti bya ar Uk} al i ‘ , a , 
| 5 ft ii | | J 
BY a I i eo a , oy F ! 4 4 ‘cae = 
; a oe, i . = tev’ 
5 . ot ; ’ i = - 4, 
i ; “i ; es ; , a , i ’ roo ? a) 
i @eill c! ii, i i nl 4 ‘e a hi A, i ic | 
yj a 1 Mar 4) ly a ® a . ‘ ys ‘ . , AP pice 
i 4 - 4 . 4 i + iy ae a 
4 ‘ vk rn total ari 
iy i " . x! | ; a) - wi Le ' 8 
, i ey.) a ' ) * von er res" if J cy Wf) ‘' Ai a Li 
a | } ; i ; = ‘ i mw : Hy vw t< - 1 hi 
rt . b ‘ - te ‘g 
% it r | = 4 i a et “3 ae ti 
We bf So , i. ' reese TART» 
+ eee 1 ie, |) | ons y 
a ’ ree erie. i> }, i+ oy 
Fs . ? ‘ rs io id i / i voye f N rte if on) 
14 hs wh , 1 a, ia 
i . i t ‘ i] *, : 4° My) 4 yet ) Xs wa 
4 ’ i] % " 1 ’ i t y ’ ate ay Le ) ws Ss b! w 
_ ifs % ' i , payer I { « 
r) wis be os i ~~ 
i . ’ , J ae i 
) j Ce | 4 i | ED 
4 i re , t be J a. a ity f Ty) Vn Wh Ls we . 
»,! i‘ “yi i? “i Mi Oe Pisa 7 . a ue 
“ ' 1 " At a e i =f y ' ’ 
0 i 14 A La Ts 1 =, By a # ‘ 
i % | j ‘ , 
‘ han a) ‘cme LU y ard 4 re be ; 
ua) i ’ ‘ Up ti oo ; eo a 
i 4 ihe f i tt | viata put.” 5 RL TV een 
% 2 ae 1s vy oe td -— 
oe aie Lies eer oe Tas F 
m) * i + 4 a ¢ #8 = me 
ei 4 * ony | Ca ie 
ail ' ce ee 
| tes abe ery ' 
4 ' i ( op ha . ’ 
4 pot i | ie | 7%, \ iN ! 
an ’ i a? to 
. 1 4 1 jails , *y vi : : ; aie, nal + 
are . y 4 ; meri or ae he 
' i - “ we ‘ 
" i : cow BP n as » ayy WK 77 ra } es 1 
‘ Up ie bY i ° / i > ipa LL? U tana seo Te ae | yu 
Sow + Pi alae tl ' we! ‘ th te oy - “A Ca Piet ws 
ap ot Y e iy ia i = i 2 i ’ t¢ va a il i " yy he 
ry \ ‘ i. 7 = y ? "i | i] iy 
1h : ; atl fi) v 9-4 
ery ray ) te el i Te. Lar A Bs ‘i Wt P "\ ! [tes 
.. ¢ +9 ' 5 7 3 | ; “4 a! Aa i 2 \ . » . 
Pe ‘ ; Dy i ig 19.5% iz = A i i oe x 
DT ' yey i, "nye ik fae! Wh 
| <! ‘ | } CI 1 PTE We he ‘ th =! 
A i .— a | f ( "p ¥ i) - . =? 
i] . a q - ri 
‘ 2 ' } & e a ' as 4 ll 4 = 7 
me i eae § i =. ry CL oh tee ae ! } Biel a 
A i a 1 : ; ey oe, her fl i ’ 
- 4 ‘ pte ans Fi a i, » a LF ¥ il 1 | au af 
, ! 2 t iat ii r') oh ig & if i t ° 
ew ' : . Lend $e! ral ¢ 
i ‘ i bile ae P ~ : 
1 - Lee 
’ 4 bet sor © La 
ax “' i ; ee =o \ i $ oy _ ‘ ‘ in Page 
A bly ' ‘ Ee | rh : ee Ww 
4 ! : i n sti ean) ace i ‘¢ L ith a inf rit ' 
i ‘ \ J - ? ¢ ft = 
ry \. i ‘ 4 Ph et x; = i ] nee y i t- 
‘ — | i TA 1 7 ee | ' | a | : 
J er J i ® i be “t . * ' 1 “| LE LE 
i - * = aa 18 , ay i 
i] t a: vy x 4 | 4 4 tt ny Me 
Hi 45 i i rape = 
, ‘ bd F ts ' : ni 1 1 
| \ 5 Lf 4, = | t 
i ( i i F iif , ; wh f eae iy F a - 
f LF ! 4 : 1 : 1 ay NF a a ie H = iit a 
f a i i 
4 . a ey t i i = a : : i : AM 2 
ik ; 1 1 “« ; ’ ~ ral . F - 4 ‘ 3 3 bs 
% t, UF H 1 : r ry e is 
i] ae { - i : “ ; a , F 4 4 ‘ 
t . - ¢ ot ; ' s a ‘ ’ =Eue a a } “4 j ‘aed f ‘we 
sey t s i - a 
“8 it ir i ror , ' 
7 ; 
; i 
_ 
4° 
' ! ' 
" 
. tt 
- 
’ ‘ 
er al 
ae f . 
aS . 
‘ 2 ? 
’ 
ay 1 
i i 
i 
5 s ae 
jt 
‘ 
! 
' i 
i uh 
4 4 i 
wal 
2? i 
i 
‘ 
‘ ly 
4 
i “ Me 
iab 
pa - 
| 
7 
a 
} ci 
j / iri 
, = 
my w) j 
A i 4 i a 
4 ! i) a \ 1 z a iit - s P i 
7 Sel 7 a : ai : a apo} tei as v ," i + 
+) Oy Cee Wars aera aaa NA ae ieee 7 
\ ‘We ; A i 1 i! i im . if Ah ' iG “ 
¢ i] | L Mw —_ . ‘a: 
les. ti I s)k Ti Dy 1 ty oat @ 
on f 1 i i Saad S 1p 4 
oad i wa ) pie ‘os bb bs at 














NAVAL POSTGRADUATE SCHOOL 
Monterey , California 





THESIS 


THE EFFECTS OF SHIPBOARD STEERING 
MUG NIE YD Y NA NICS ON RUDDER 
ROr Sees LEIA IO NS os lens 
by 
Michael W. Wendel 


Sepicinocr 1172 





Thesis Advisor Loutsev. Selnudt 


5259972 
‘Approved for public release: distribution is unlimited. 1 a 5 G 7. | 





Unclassified 


security classification of this page 





REPORT DOCUMENTATION PAGE 





1a Report Security Classification Unclassified 1b Restrictive Markings 
2a Seeurnty Classification Authority 3 Distribution Availability of Report 
>) Declussification Downeracine Schedule Approved for public release; distribution 1s unlimited. 
= Perfcermine Organization Report Number(s) 5 Monttoring Organization Report Number(s) 
Ba Nase Of Performing Orzanization 6b Olfice Symbol 7a Name of Monitoring Orgamzauon 
Bava! POstoraduate School (if applicable) 34 Naval Postgraduate School 
Me AGCIess (Cil;. Siale, and ZIP code) 7b Address (city, State, and ZIP code) 
Vionterey, CA 93943-5000 Monterey, CA 93943-5000 
Sa Name of Funding Sponsoring Organization es ae 9 Procurement Instrument Idenuficauon Number 
if applicable 


Sc Address (cifv, State, and ZIP code) 10 Source of Funding “Numbers 


Program Element No { Froject No | Task So | Work Unit Accession No 
Ripiitie (siciude securiry classification) LITE EFFECTS OF SHIPBOARD STEERING MACIHNERY DYNAMICS ON 
eee. OLE STABILIZATION SYSTEMS 
12 Personal Author(s) Michael W. Wendel 


f3a [yre of Report 136 Tune Covered 14 Date of Report (year, month, day) 15 Page Count 
Master's Thesis Iron To September 1991 3} 








[6 Suppiementary Notation The vicws expressed in this thesis are those of the author and do not reflect the official policy or po- 
sition of the Department of Defense or the U.S. Government. 


17 Cosat Codes 18 Subject Terms (continue on reverse lf necessary and Identify by block number) 


Field ea roll stabilization 


19 Abstract (continue on reverse if necessary and identify by block number) 

The surface ship rolling motion equation 1s modeled as a second order system, with a natural frequency of w, = 0.4/ sec 
and a dimensionless damping ratio of ¢ = 0.08. The model is subjected to a random forcing function, which has a Gaussian 
probability distnbution and can be considered as “White noise”, and placed into State-Space form. State variable feedback of 
rol rate is applicd and the system discretized to match digital control. Roll angle time histories are developed for a range of 
feedback gains and compared. Additionally, steering machinery dynamics are modeled by a first order system and time con- 
stants varied to determine the effects of rudder dynamics on the feedback system. 


20 Distribution/Availability of Abstract 21 Abstract Security Classification 

(J unclassified ‘unlimited CJ same as report CJ DTIC users Unclassified 

22a Name of Responsible Individual 22b Telephone (include Area code) 22¢ Office Symbol 

Louis V. Schmidt (408) 646-2768 548s 

ID FORM 1473,84 MAR §3 APR cdition may be used until exhausted security classification of this page 
All other editions are obsolete = 





Unclassified 


pet o 


Approved for public release; distribution 1s unlimited. 


The Eliccrsscisinpuewm destectineg 
Nlachinery Dynamics on Rudder 
Roll Stabilization Systems 
by 


A 


Nlichach iy \V cide) 
Licutenant, United States Navy 
B54 Villamovarwoicrsity. 1984 


Submutied in partial fulfillment of the 
requirements for the degree of 


WASTER OF SCIENCEUIN MECHANICAL ENGINEERING 
froin thie 


NAY ALAR OSGl Die SC OCr 
SCwlCii bem 71 


ne 


Anthony J. eat. Chairman, 


Department of Niechanical Enginecring 


ABSTRACT 


The surface ship rolling motion equation 1s modeled as a second order system, with 
a natural frequency of w, = 0.4) sec and a dimensionless damping ratio of € = 0.08. The 
model is subjected to a random forcing function, Which has a Gaussian probability dis- 
tribution and can be considered as “white noise”, and placed into State-Space form. State 
variable feedback of roll rate is applied and the system discretized to match digital con- 
trol. Roll angle time histories are developed for a range of feedback gains and compared. 
Additionally, steering machinery dynamics are modcled by a first order system and tume 


constants varied to determine the effects of rudder dynamics on the feedback system. 
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NOMENCLATURE 
A Plant Matrix 
b,, Element B(2) in control matrix, sec"! 
B Control matrix, LO 6, J7 
Kk Feedback gain constant, seconds 
RMS Root Mean Squared, E-(¢?) 
RRS Rudder Roll Stabilization 
t Time, seconds 


i Time at “n-th” time sample, (n) Ts 


Ts Sampling time, seconds 

u(t) External input, continuous form 

u(n) External input, discrete form 

X State variables, [6 ¢ ]7 

é, Rudder control angle 

4 Dimensionless damping ratio 

i) Roll angle, radians 

g Steering machinery time constant, seconds 


Ww Undamped natural frequency, radians/second 


"I 


Vi 





I. INTRODUCTION 


Digitally controlled Rudder Roll Stabilization(RRS) systems are currently installed 
on the Hamilton class Coast Guard cutters and a prototype version has also been tested 
aboard a U.S. Navy Spruance class destroyer. Observations of these systems have shown 
that up to a 40 percent reduction in the vessel’s root mean squared( RMS) roll amplitude 
value 1s obtainable. Unfortunately, the maximum benefits achievable by RRS are not 
known. This deficiency stems from the performance of the ship’s rudder control system, 
which has a large degree of non-linearity and also operates with a dead band at small 
input command magnitudes [Ref |: p. 46]. It is also known that the Spruance and 
Ticonderoga class of ships have a steering system which behaves with an effective time 
constant that varies almost inversely with amphtude demand. At low amplitudes, 2-3 
degrees, the system can be modeled as having a 3 second time constant while at larger 
amphtudes, 7-9 degrees, the time constant reflecting the average behavior ts closer to | 
second. In addition, the four separate steering systems on the ship, when performing at 
manufacturer’s specifications, will still have distinctly different dynamics that will vary 
With time as machinery Wear and crew servicing occurs. 

Additional research in this area has been performed by Van Der Klugt [Ref. 2] and 
Powell [Ref. 3], to name a few. Van Der Klugt focused his attention on the tncorpo- 
ration of an RRS system into an all weather autopilot for a surface vessel. He revealed 
that the RRS system needed to be one that could be easily modified, to meet the 
changing weather conditions, for optimal performance. He also developed guidelines for 
the proper rudder slew rate that should be used in an RRS system to provide maximum 
performance. 

Powell's work was an appraisal of RRS and compared this system to the fin 
stabilizer system. What this report exposed was the need for a larger rudder slew rate 
and increased rudder span. It also discredited proposed ship design changes, to improve 
RRS effectiveness, such as; altering the rudder Aspect Ratio, increasing the rudder foil 
area, angling the rudders outboard and increasing the rudder outreach. He also discussed 
the importance of developing an improved steering machinery system to handle the RRS 
demands and agreed, in principle, with Van Der Klugt on the rudder slew rate limit. 

The purpose of this research was to estimate the influence of steering system dy- 


namics, particularly system time constants, upon the RMS roll amplitude of a ship when 


the rudder 1s used in a stability augmentation system; 1.e., RRS using state variable 
feedback of the roll rate. While most research in this field concentrates on ship design 
changes and rudder slew rate, this thesis examines machinery response to the control 
input and it’s effect on the svstem performance. A secondary function was to also expose 
the importance of an adaptive filter which, When used in conjunction with the digital 
RRS, would bring uniformity to a wide variation of steering system dynamics thus pro- 
viding a full realization of the stability augmentation capability of an RRS system. 
The intended procedure to accomplish these tasks 1s: 
l. Develop a systemmanacm model 
2. Discretize the model to match digital control. 


3. Subject the model to a generated random forcing function and develop a roll angle 
trme history. 


4. Use state variable feedback of roll rate, RRS, and compare roll angle time histories. 
Develop a steering system model and incorporate it into the system model. 


6. Use the random function on the new system and determine, by roll angle history 
comparison, the effects of the various steering system dynamics on the RRS sys- 
tem. 


Ii. VESSEL DYNAMIC MODELING 


As a surface ship travels through the sea it 1s subjected to three primary disturb- 
ances; the wind, waves and its own rudder movement. These inputs create hydrodynamic 
forces and moments that cause the vessel to move about its horizontal axis, or roll. The 
equation that best describes this motion is a linearized fourth order state equation in- 
volving; sway velocity, yaw rate, roll rate and roll angle, subjected to the inputs of rudder 
deflection and sea state. Each of the aforementioned components in this equation has 
With it a hydrodynamic coeflicient that is variable. The determination of these coefhi- 
cients can be quite difficult and in this instance the sea state influence coefficients could 
never be found. 

Even though the appropriate coefficients for the fourth order equation could not be 
found, it would still be posstble to model the roll dynamics as a second order system. 
Granted, this model would be less stringent then the fourth order equation but it could 


still provide satisfactory and realistic results. 


A. MODEL OF VESSEL DYNAMICS 

A surface ship’s roll dvnamics due to rudder deflection and disturbances can be ac- 
curately modeled as a second order equation of motion under the conditions that the 
model provide the same or very similar results as the actual system under equal condi- 
tions. Also, the model results cannot be considered valid when used during instances 
Where the actual system is known to provide conflicting results. As an example consider 
that a second order model may be stable under all feedback circumstances while the 
system it is modeling may be unstable under certain conditions of state variable feed- 
back. Therefore, the model results cannot be used under the conditions of feedback 
where the actual system is unstable. 

The second order model for the equation of motion describing a surface ship’s be- 


havior in roll 1s: 
b+ Ueon.h + Wah = bg,5, + u(d) (1) 


where 


ee 


@ = roll acceleration, a’ bldt’ 


@ = rollrate, dd/dt 
@ = roll angle 
¢ = dimensionless damping ratio 
w, = natural frequency 
b., = rudder scaling factor 
6, = rudder deflection 
u(t) = input disturbance 


The variables ¢ and @, are ship's speed dependent and were Selected tor com. 
spondence to the Spruance class destroyer sea trial data at 15 knots. The estimated 
magnitudes were € = 0.08 and w, = 0.4 /sec. To determine the magnitude of 5, one must 
first find the correlation between the ship roll angle and rudder deflection, or @/6,. The 
sea trial data was again used and a value of 0.15 roll angle (radians) per rudder angle 
(radians) was found from steady turn observations.[Ref. 1: pp. 45-46] 

Knowing the static sensitivity value, 6/6, , it is then possible to return to the second 


order model and determine b,, as follows: 
d + 260, a wid a 55,0, 


at steady state all transients decay to zero and 





wd = b5,0, 
with 
bo, : 
5, a bs, 


thienelore 0. — 0.024) sec: 
With all variable coefficients determined and the disturbance u(t) acting as wind and 


wave action the second order model becomes: 


b + 0.064 + 0.166 = 0.0246, + u(s) 


B. STATE-SPACE EQUATION 


The second order model can be converted to the standard State-Space format: 
x = Ax+ Bu 
by recognizing that: 
x = state variable,{_@ ol" 
A = plant matrix 
b = control matrix 
u = nolse inpul 


The State-Space Equation then becomes: 


0 | 0 0 
H = - 2 3 ag ; i a PS Jao (2) 


The State-Space form provides a convenient means to determine and analyze the 
system’s response to various manipulations. The addition of state-variable feedback or 
any other change can be accomplished with relative ease. The State-Space representation 


can be quickly converted to a discretized form to accommodate digital control.[Ref. 4: 
pe0] 


C. DISCRETIZATION 

The RRS system used aboard these vessels is digitally controlled and thus our model 
should be represented and used in this manner. The governing criteria when using digital 
control and discrete time systems is the sampling frequency. The sampling frequency 1s 
how often the control system senses data input, or the amount of time that elapses be- 
tween successive data sainples. The choice of sampling frequency is determined by the 
period of the system to be measured. The Nyquist criteria says that the sampling fre- 
quency must be no less than two times the maximum frequency of the system being 
measured [Ref. 5]. It has been determined that the period of oscillation for the Spruance 
destroyer at 15 knots is 15.3 seconds which gives it a frequency of 0.0653/ sec [Ref. 1: 


p. 44]. A sampling time step of 0.333 seconds was chosen, which is greater than 45 times 


the frequency of the system and allows for a complete reconstruction of the continuous 
input disturbance function. 

When dealing with discretization, state variables are predicted for each successive 
time step by the previous step’s state variables and the previous input. A numerical 


representation of this 1s: 
x(n + 1) = O(Ts)x(n) + P(Ts)u(r) 
where 
(Ts) = e4" 
(Ts) =[e4" —1]A7'B 
] = identity matrix 
A = plant matrix 
T's = time step 


xX = Slate Variavies 
B= control matrix 


u = input disturbance 
n = integer index, n =0,I,2,3..... 


By using this type of approximation a recursive relationship is developed and the 


state varlable’s time history can be easily calculated by a computer program.[Ref. 6] 


D. FEEDBACK 

State variable feedback can be used to alter the dynamic response of a system. In 
this case the desired effect is to decrease the roll angle magnitude of the ship by feeding 
back the roll rate increased by a multiplicative gain.[Ref. 4: p. 222] 

To maintain the accuracy of the second order model it 1s necessary to look more 
closely at the actual fourth order Equation of Motion for this system to determine if and 
where that system may achieve maximum stability or become unstable. An estimated 
root locus plot of the fourth order system has been developed and the optimum value 


or position of greatest stability occurs when the dimensionless damping ratio, ¢,.1s equal 


to 0.4 for a ship speed of 15 knots [Ref 1: p. 47]. Vhis implies that the maximum 
damping ratio for the feedback compensated system model can not be expected to ex- 


cecd €= 0.4. Figure | displays the estimated root locus plot for the ship. 
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Figure 1. Root Locus plot 


The State-Space Equation then becomes: 


bl 0 | d 0 
+ i Be or “to, A3t a Mic 


oe = Ca 


Where 


and the maximum value of €, = 0.4. Therefore the maximum value of the gain k is 10.66. 
This system was discretized as discussed previously. 
Ek. RUDDER CONTROL MODEL 


The ship’s electro-hydraulic rudder control system behaves non-linearly and is also 


accompanied by a dead band at small rudder input commands. Since the dead band is 


very small relative to the full scale it will be ignored in the model and the non-linear re- 
sponse will be characterized by a first order system with the various time constants re- 
presenting the average first order behavior for different amplitudes of the machinery. 


The first order equation lor tmesstecrine svsteines 


5, = a (64 7 6,) (4) 


. - 
6, = rudder deflection rate, sec 


t = limie constant, seconds 
0, = helm conunand 


6, = rudder deflection 


From shipboard machinery performance tests 1t was determined that the time con- 
stants associated with the steering system ranged from one to three seconds and these 
values will be used in this discussion {Ref 1: p. 46]. Considering that a ship usually 
travels in a straight path, it was decided to use a zero degree rudder command from the 
ship’s helm. This 1s not a poor assumption, most vessels remain on the same course for 
long lengths of time. This reduces the rudder model to the time constant and the rudder 
deflection and deflection rate. The actual ship steering machinery has an approximate 
rudder demand rate limit of 6 degrees per second [Ref. 1: p. 47]. In the studies described 
herein, it was assumed that required rudder rates did not involve the influence of 
control-rate limiting. Figure 2 displays the rudder deflection with various time constants 
tO a UIE Steamnert. 
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Figure 2. Rudder Response 


F. THE COMPLETE SYSTEM 

When the rudder deflection is included in this system, to account for the rudder dy- 
namics, it assumes the role of a third state variable and the @(Ts) and ['(Ts) discussed 
previously in the second order system are now represented in a third order equation. The 
complete system including feedback and the steering system characteristics when placed 


in State-Space form becomes: 


d 0 1 0 |-¢ 0 
‘3 = Ay —2fo, 55, | +11 Ju(s) (S) 
5, (ie Ue lee 0 


Il. RESULTS 


The random function used as the disturbance from wind and wave action was de- 
veloped by the Monte Carlo method [Ref. 7]. The characteristics of this function are 
that it has a Gaussian probability distribution and, because it represents a wide-band 
random input function, can be considered as white noise. In essence, the wide-band 1n- 
put function passes through a band-pass filter (the ship math model) and produces a 
narrow-band output similar to that of the actual ship’s behavior. One must recognize, 
however, that the sea is not considered “white” and that this white noise function was 
used to simplify the problem. The same disturbance was used on all the systems thereby 
validifying the comparisons. A graphical representation of the disturbance function 1s 


shown in Figure 3. 
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Figure 3. Disturbance function 
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om FEEDBACK EPFECTS 

To determine the effects of roll rate feedback, upon the system with ideal steering 
characteristics, a series of output responses were developed for a gain magnitude range 
of zero to 10.66. This corresponds to a damping ratio spectrum of 0.08(no gain) to 0.4(k 
= 10.66). Figure 4 displays the roll angle RMS for this spectrum and as expected the 
RMS magnitude significantly decreases from 3.641 to 1.692, a 53 percent reduction. Also 
plotted on this graph js the expected RMS behavior of a second order system subjected 
to white noise, RMLS oc vias A comparison between the two curves shows that the 
model results are slightly higher. This can be accounted for by round off error in both 
the discretization and recursion relationship calculations. Since the output response of 
the ship model compares very closely to the theoretical response of the second order 


system to white noise, it can be assumed that the ship model 1s valid.[Ref. 8: pp. 503-505] 
4 


Systern model results 


Roll Angle RMS 
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Figure 4. RMS vs. Damping ratio 


Figures 5 and 6 are the actual roll angle time histories for the uncompensated and 
fully compensated systems. From these figures it is obvious that not only has the RMS 


value decreased but that the peak magnitudes have been drastically reduced. It is the 


1] 


reduction in peak magnitude that 1s really the most beneficial aspect of RRS, there is 
always going to be some rolling motion and if the size of the roll angle can be minimized 


then the ship and her crew can carry out it’s mission more effectively. 
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Figure 5. Uncompensated Roll Angle History, Spruance class Destroyer 
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Figure 6. Fully Compensated Roll Angle History, Spruance class Destroyer 


Z 


Be SIRBISING SSE hISerrECTS 

Time constants of zero to three seconds were chosen for use with the system in- 
volving the maximum gain magnitude of 10.66 (damping ratio of 0.4). Tigure 7 displays 
the relationship between the output RMS of the assumed ship model to the individual 
time constants. The RMS magnitude increases with the increase in the time constant 
thereby substantiating an intuitive fecling that stecring machinery dynamics adversely 
effect the RRS system and inore importantly, that the influence of the steering machin- 
ery can be quantified. 
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Figure 7. Roll Angle RMS ys. Machinery Time Constant 
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By taking a closer look at equation 5S one can fully realize the effects of the ma- 
chinerv time constant on the systein behavior. Figure 8 is a plot of the characteristic 
roots of that equation based on various time constants and from this plot it is clear that 
as the time constant increases the effective system damping ratio is decreasing. This 1s 
more clearly displayed in Figure 9 where the damping ratio is plotted versus the time 
constants. It is because of this decrease in system damping, brought on by the addition 


of the time constants, that increases the RMS value of the roll angle. 
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Figure 8. Characteristic Roots of Equation 5 
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Fieure 9, Damping Ratio VS. Time Constants 


Figures 10 and 11 display the output response of the zero and 1.5 second time con- 
stant systems using the maximum gain of k= 10.66. From these figures we see an in- 
crease in peak magnitude and roll angle RMS as the time constant increases with no 
other significant differences. Table 1 shows the percentage of RMS reduction for time 
constants ranging from | to 3 seconds. Without steering machinery dynamics, the po- 
tential RMS roll reduction due to the assumed state- variable feedback was 53 percent. 
The effect of a one second time constant reduced the potential roll reduction by ap- 
proximately 6 percent while a three second time constant reduced the potenual roll re- 
duction by 24 percent. The conclusion is that “sluggish” steering machinery dynamics 


has a perceptible effect upon ship roll stabilization by the use of the rudder. 
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Figures 12 and 13 display rudder deflection time histories for the fully compcnisated 
system with two different time constants. The point to be madc is that as the time 
constant increases the magnitude of the rudder deflection decreases because the system 


becomes less responsive. Thus the rudder becomes less effective and 1t then cannot fully 


support the RRS system. 
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IV. CONCLUSIONS AND COMMENTS 


It is obvious from the results that steering machinery dynamic characteristics ad- 
versely effect the Rudder Roll Stabilization system. Even with this hindrance the system 
can still reduce the roll angle RMS and peak magnitude values significantly. 

Up to this point no mention of the effects of the RRS system upon the rudder itself 
has been made. Figures 12 and 13 show that the rudder is moving often and very quickly. 
Concerns directed towards machinery wear and reliability are justified and focus should 
be placed on designing these systems to handle the increased activity. If no design sol- 
ution can be found then guidelines should be developed suggesting that the RRS system 
only be operated in harsh sea states thus reducing the overall operating time and possi- 
bility of material failure. 

The choice of the maximum system gain was made purely on the basis of stability. 
Van Der Klugt in his paper, “Rudder Roll Stabilization: The Dutch Solution’, states 
that there 1s a point, irrespective of the rudder speed, where the RRS system can longer 
reduce the roll activity. This point is a rudder speed of approximately 20 deg/sec which 
corresponds to a compensated dainping ratio of 0.52 in this system.[Ref, 2: p. 85] In 
this research that point could not be reached because the gain needed to get there would 
have driven the fourth order equation of motion unstable, as seen by Figure 1. 

On the other hand, Powell’s paper , “Rudder Roll Stabilization: A Critical Review,” 
has determined that a rudder speed of approximately 10 deg/sec, which is an average 
value taken from the results of various sea states and wave encounter angles, is where 
the point of no further roll reduction takes place [Ref. 3: pp. 2.250]. Using that criterion, 
one secs that the second order model used in this research 1s reasonable and produces 
qualitativly correct results. 

Another conclusion that can be drawn is that each piece of machinery is going to 
behave differently. This fact promotes the development of an adaptive filter that can be 
used to bring uniformity to the wide range of machinery dynamics thus enabling the 


RRS to reach its full potential as a stability augmentation device. 


APPENDIA.. THE IN Y Pits iera® bic ieint 


The original idea behind this research was to use the roll angle trme histories developed 
by the sea trial team of Baitis and Schmidt ct. al. and, working in an inverse manner, 
develop the sea state forcing function that caused this motion. This idea had good mer- 
its. The roll time history data was taken when the ship was on a steady course with 
mununal rudder movement, so the roll data could reasonably be considered from a rudder 
fixed condition which would mean that all motion was induced from the sea. The coef- 
ficients for the fourth order state equation were known with good confidence, except 
those for the sca state, so it seemed that the inverse problem could be solved by working 
backwards through the state equation. What stood in the way was the fact that three 
out of the four state variables were cither measured inaccuratcly or not measured (ob- 
served). The yaw rate, sway velocity and roll rate were missing from the available data 
base and without thein it seemed that any inversing process would be doubtful. 

These concerns were substantiated by Gao and Hess who describe an inverse tech- 
nique which is an iterative process requiring that all output states were measurable and 
that the number of inputs must equal or excced the number of outputs |[Ref. 9]. Since 
neither of these conditions were met, the research steered away from this path. 

ln retrospect, a solution to this problem may have been to use the actual sear 
roll data in conjunction with a second-order linear ship model to develop an approxi- 
mation to a forcing function. Then the input function could be re-applied to the 
second-order nrodel system: with state variable feedback and stecring system time con- 
Stants, so that roll time historres could be developed. These time historics could then be 


compared and the impact of the steering system dynamics brought out. This approach 
1s left for future consideration m follow on studies. 
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